Rationale While clinical studies show maternal consumption of palatable fat-rich diets during pregnancy to negatively impact the children's behaviors and increase their vulnerability to drug abuse, the precise behavioral and neurochemical mechanisms mediating these phenomena have yet to be examined. Objective The study examined in rats whether gestational exposure to a high-fat diet (HFD) can increase the offspring's propensity to use nicotine and whether disturbances in central nicotinic cholinergic signaling accompany this behavioral effect. Methods Rat offspring exposed perinatally to a HFD or chow diet were characterized in terms of their nicotine selfadministration behavior in a series of operant response experiments and the activity of acetylcholinesterase (AChE) and density of nicotinic ACh receptors (nAChRs) in different brain areas. Result Perinatal HFD compared to chow exposure increased nicotine-self administration behavior during fixed ratio and dose-response testing and caused an increase in breakpoint using progressive ratio testing, while nicotine seeking in response to nicotine prime-induced reinstatement was reduced. This behavioral change induced by the HFD was associated with a significant reduction in activity of AChE in the midbrain, hypothalamus, and striatum and increased density of β2-nAChRs in the ventral tegmental area and substantia nigra and of α7-nAChRs in the lateral and ventromedial hypothalamus. Conclusions Perinatal exposure to a HFD increases the vulnerability of the offspring to excessive nicotine use by enhancing its reward potential, and these behavioral changes are accompanied by a stimulation of nicotinic cholinergic signaling in mesostriatal and hypothalamic brain areas important for reinforcement and consummatory behavior.
Introduction
Nicotine is one of the most heavily used and addictive drugs in the USA, with nearly 70 million Americans, age 12 and older, using tobacco products at least once a month (NIDA 2012) . Despite numerous attempts involving pharmacological and sociological interventions to reduce the use of tobacco products, the number of individuals using and abusing nicotine still remains high. One factor that may contribute to this vulnerability to nicotine abuse may be the increased availability over the past several decades of palatable diets rich in fat (WHO 2003) . Clinical studies suggest that childhood weight problems and unhealthy eating patterns can lower the age of onset of nicotine smoking and increase withdrawal symptoms during times of abstinence (Saules et al. 2007) . A close relationship between dietary fat and nicotine use is also evident in studies showing that obese individuals have double the risk for developing nicotine addiction (Hussaini et al. 2011 ) and, conversely, that smokers consume significantly greater amounts of high calorie, fat-rich foods (Dallongeville et al. 1998) . Of particular note is evidence demonstrating that maternal consumption of these unhealthy diets during pregnancy, in addition to leading to childhood obesity and hyperlipidemia (Dietz 1998; Hannon et al. 2005) , can program behaviors in the offspring that are likely to increase vulnerability to drug abuse. The children of overweight mothers who consume these diets exhibit internalized behaviors, such as anxiety and depression (Rizzo et al. 1997) , which promote drug use and increase consumption of and preference for fatty foods, perhaps due to disturbances in major reward circuits (Fisher and Birch 1995) . This clinical evidence raises the possibility that maternal consumption of a fat-rich diet may contribute to excessive use of another reinforcing substance, nicotine, in the offspring.
While the effects of dietary fat on nicotine consumption have yet to be examined in animals, recent studies have shown that consumption of a fat-rich diet, in addition to increasing caloric intake and producing obesity-related metabolic abnormalities, can cause disturbances in drug use and related behaviors. For example, in adult rats, binging on fat enhances cocaine-seeking behavior (Puhl et al. 2011) and causes behaviors associated with drug use, such as increased sucrose consumption (Orosco et al. 2002) , exploration (Boukouvalas et al. 2008; Soulis et al. 2007) , and novelty seeking (Morganstern et al. 2012) . Further, animals exposed in utero to a fat-rich diet exhibit an increase in alcohol drinking behavior and sensitivity to amphetamine (Bocarsly et al. 2012; Cabanes et al. 2000) , as well as enhanced consumption of and responding for palatable foods (Chang et al. 2008; Naef et al. 2011; Ong and Muhlhausler 2011) . They also show increased anxiety (Bilbo and Tsang 2010) and locomotor activity (Raygada et al. 1998) , behaviors closely linked to increased drug-taking behaviors (Kabbaj 2006; Piazza et al. 1989) . These animal studies further support the possibility that prenatal exposure to dietary fat may increase the vulnerability of offspring specifically toward nicotine-taking behavior.
As for the neurochemical mechanisms that may mediate this behavioral phenomenon, studies to date have focused on reward and consummatory signaling pathways, such as those utilizing dopamine (DA), the opioid peptide enkephalin (ENK), and the orexigenic peptide orexin (OX). These reports have revealed a stimulatory effect of in utero dietary fat on DA neurotransmission within the mesolimbic reward circuit projecting from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) (Naef et al. 2008; Ong and Muhlhausler 2011) , on ENK signaling in regions such as the hypothalamic paraventricular nucleus (PVN) and NAc (Chang et al. 2008; Vucetic et al. 2010) , and also on OX levels in the lateral hypothalamus (LH) (Chang et al. 2008) . There are no studies examining the effect of maternal fat consumption on nicotininc cholinergic signaling in the offspring even though this system is known to have a direct role in mediating nicotine reward and consumption (Feduccia et al. 2012) . The neurotransmitter acetylcholine (ACh), functioning through two main nicotinic cholinergic receptors (nAChRs), the high affinity β2 subunit-containing nAChRs (β2-nAChRs), and low affinity α7 subunit-containing nAChRs (α7-nAChRs) is found to mediate multiple aspects of nicotine-taking behavior. For example, the activity of nAChRs is important in the NAc and VTA for drug reward (Bruijnzeel and Markou 2004; Gotti et al. 2010; Pons et al. 2008) , in the substantia nigra (SN) for hyperactivity associated with drug seeking (Alburges et al. 2007; Wise 2009 ), and in specific hypothalamic areas for mediating energy balance, arousal, and responses to stress (Imaki et al. 1995; Pasumarthi and Fadel 2010; Ribeiro et al. 2007; Takahashi et al. 1995; Yoburn and Glusman 1984) . Nicotinic cholinergic signaling is additionally important in cortical and thalamic regions for cognitive processes related to learning and arousal (Raybuck and Gould 2010) and in the central nucleus of the amygdala (CeA) for anxiety (Zarrindast et al. 2008) . This evidence underscores the importance of nicotinic cholinergic signaling in drug use and the need to investigate the effects of maternal fat consumption on this system, which in turn may mediate an increased propensity to use and abuse nicotine. It is noteworthy that adult animals consuming a high-fat diet exhibit an increase in cholinergic activity and densities of nAChRs in different brain areas important for drug use (Kaizer et al. 2004; Morganstern et al. 2012) , as well as a stronger propensity to consume excess ethanol (Bocarsly et al. 2012 ).
The present study examined, first, whether exposure to a high-fat diet (HFD) during gestation and lactation increases different aspects of nicotine self-administration behavior, as revealed by fixed ratio (FR) training, dose-response testing and breakpoint analysis using progressive ratio testing as well as extinction-reinstatement testing. It then tested whether these behavioral changes in the fat-exposed offspring are accompanied by disturbances in cholinergic neurotransmission in specific hypothalamic and extrahypothalamic areas by measuring the activity of ACh esterase (AChE), an enzyme responsible for breaking down ACh, and the binding of both β2-and α7-nAChRs. These experiments were designed to test the specific hypothesis that animals exposed to dietary fat during gestation are more vulnerable to excessive nicotine use, possibly due to heightened nicotinic cholinergic tone.
Methods and procedures

Animals
Time pregnant, Sprague-Dawley rats (220-240 g) from Charles River Breeding Laboratories (Hartford, CT, USA) were delivered to the animal facility on embryonic day 4 (E4). The dams were individually housed in plastic cages in a fully accredited AAALAC facility (22°C, with a 12:12 h light-dark cycle with lights off at noon), according to institutionally approved protocols as specified in the NIH Guide to the Use and Care of Animals and also with approval of the Rockefeller University Animal Care Committee. The rats were maintained ad libitum from E5 on either a HFD with 50 % fat or a standard chow diet. For the HFD group, standard lab chow was available for three additional days (until E8), while the dams became fully adapted to the mixed diet and consumed little chow. Over the course of the experiments, food intake was measured daily during gestation and two times per week during lactation, while body weights of dams and pups were recorded weekly. During gestation, the HFD dams showed hyperphagia compared to the chow dams (94.9±4.1 vs 77.4±2.5 Kcal, p<0.05) with no impact on body weight gain (29.1±4.1 vs 24.3±2.5 g).
The litters of the HFD dams were similar to the chow litters in terms of their size (11.1±1.2 vs 10.8±0.8), body weight at birth (10.6±0.3 vs 9.5±0.4), and female/male ratio (6:7 vs 6:8), with no spontaneous abortions observed in either diet group. On postnatal day 0 (P0), litters studied after birth were culled to n=8, primarily by eliminating the females. After weaning (P22), all rats were switched to a standard chow diet (ad libitum) for the remainder of the experiment, except for the behavior group which was limited to 20 g of chow given to animals immediately after their operant training sessions. For the neurochemical experiments, male offspring (one per litter) in the HFD and chow groups (n=7-8/group) were examined at P60 and for nicotine self-administration, one to two male offspring were used starting from P60 (n=12-13).
Diets
For the experimental period, rats were either maintained ad libitum on standard rodent chow (12 % fat, 3.3 kcal/g) or an HFD (50 % fat, 5.2 kcal/g), which was the same as that described in prior publications (Dourmashkin et al. 2006; Leibowitz et al. 2004) . It consisted of fat from 75 % lard (Armour, Omaha, NE, USA) and 25 % vegetable oil (Wesson vegetable oil, Omaha, NE, USA), of carbohydrate from 30 % dextrin, 30 % cornstarch (ICN Pharmaceuticals, Costa Mesa, CA, USA), and 40 % sucrose (Domino, Yonkers, NY, USA), and of protein from casein (Bioserv, Frenchtown, NJ, USA) and 0.03 % L cysteine hydrochloride (ICN Pharmaceuticals). The diet was supplemented with minerals (USP XIV Salt Mixture Briggs; ICN Pharmaceuticals) and vitamins (Vitamin Diet Fortification Mixture; ICN Pharmaceuticals). The macronutrient composition was calculated as percentage of total kilocalorie, with the HFD containing 50 % fat, 25 % carbohydrate, and 25 % protein. This semisolid diet was stored at 4°C until use. On a daily basis, fresh diet was weighed out in metal bowls and placed into the appropriate animal cages. These diets are nutritionally complete and found to have no detrimental effects on the health of the animals.
Apparatus
Nicotine self-administration was performed in eight standard operant-conditioning chambers (Coulbourn Instruments, Allentown, PA, USA). Each chamber was equipped with two levers located 10 cm above the floor, with one lever defined as active and stimulated the infusion pump for 4 s and the other defined as inactive and produced no scheduled consequences. The chambers also contained a LED house light placed on the wall opposite to the levers and a triple cue light placed right above the active lever. The catheters were attached to an infusion pump (Harvard Apparatus, Natick, MA, USA) through a swivel system and protective metal spring tether. The operant chambers were controlled by a computer using the Graphic State Software package.
Test procedures
Experiment 1. Nicotine self-administration, extinction, and reinstatement Acquisition of self-administration Prior to surgery, offspring (P42 to P50, n=12/group) from perinatal HFD and chow dams underwent operant training for 45 mg sucrose pellets (Bioserv, Frenchtown, NJ, USA). Briefly, rats were food deprived overnight and then restricted to 20 g of daily chow, given immediately after the training session, for the remainder of the food training period. There were no visual stimuli presented during food training. All rats were first trained on an FR1 reinforcement schedule, and once the rats earned 100 pellets within an hour, they were switched to an FR2 schedule and then to an FR3 schedule until they were able to earn 100 rewards under each schedule of reinforcement. There were no measured differences between the HFD and Chow rats in their responding during the food training period [active lever presses: FR1 (78±7 vs 71±5), FR2 (165±13 vs 173±15), and FR3 (277±18 vs 265±21)] or in the number of days they took to progress from FR1 to FR2 (3.7±1.2 vs 3.1±0.6) and from FR2 to FR3 (2.3±0.7 vs 2.6±1.1) schedules. Following successful training using this protocol, the rats at age of P50 to P55 were surgically implanted with a jugular catheter as described below and allowed to recover for 7 days prior to the start of experiment 1. During the acquisition phase, animals were trained for 1 h each day during the dark cycle to self-administer nicotine (0.015 mg/kg/infusion over 4 s in a volume of 100 μl). A training dose of 0.015 mg/kg/infusion was chosen based on published evidence showing that the peak rates of responding and number of infusions on a FR schedule are typically obtained at doses ranging from 0.01 to 0.03 mg/kg/infusion (Donny et al. 1995; Paterson and Markou 2004; Suto et al. 2001) and also on our preliminary data indicating that the highest level of responding occurs at the 0.015 mg/kg/infusion dose. The duration of infusion (4 s) was chosen based on evidence suggesting that increased infusion times more closely mimic natural smoking conditions, which entail a gradual transit of nicotine from the lungs to the brain (Sorge and Clarke 2009) , and on our preliminary data and published evidence (Fowler and Kenny 2011) suggesting that a 3-4 s infusion time yields optimal responding for nicotine in adult rats. At the beginning of the session, the animals received three infusions of nicotine to fill the lines (300 μl nicotine solution) with the house light on. This volume was precisely calculated, based on the length of the catheter to fill and not expose the rats to the nicotine. Each active lever press simultaneously activated the cue light as well as the infusion pump, while turning off the house light. After the 4-s infusion, the cue light remained on for an additional 20 s, defined as the time out period during which the responses were recorded but had no scheduled consequences. After the time out period, the cue light was turned off, and the house light came back on to signal availability of the drug once again. This paradigm using contingent cue and chamber lights were chosen based on published evidence (Clemens et al. 2010; Donny et al. 1999; Yan et al. 2012 ) and our preliminary findings showing that rats readily acquire and steadily maintain nicotine selfadministration behavior and also reinstate this behavior when primed with a single injection of nicotine.
During the first part of acquisition (10 days), responding was reinforced on an FR1 schedule (one infusion for each active press), with the reinforcement schedule increasing to FR2 during the next week (days 11-15), FR3 during the next few days (days 16-18), and FR5 during the last week (days 19-23).
Dose-response determinations After the last session on an FR5 schedule, a dose-response curve was determined using the following doses: 0.015 mg/kg/infusion, 0.03-mg/kg/infusion, and 0.06 mg/kg/infusion with four sessions at each dose and a 1 day return to the training dose (0.015-mg/kg/infusion) between each new dose.
Progressive ratio testing After the dose-response measures were collected, all animals were returned to the training dose (0.015 mg/kg/infusion) for 5 days prior to progressive ratio (PR) testing. PR testing was conducted over 4 days according to procedures previously described (Caille et al. 2012; Shram et al. 2008 ). The PR schedule was determined using the exponential formula 5Xexp (0.2× infusion), such that the required responses per infusion were as follows: 3, 6, 10, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145 , and so forth. PR conditions were identical to the FR session except that the time for each session was extended to 2 h and the dose used was 0.03 mg/kg/infusion. Breakpoint was determined when >20 min of inactivity on the active lever passed. During PR testing, all animals reached breakpoint within the 2-h session and therefore were all used in the analysis.
Extinction training Next, the rats were briefly returned to their original training dose (0.015 mg/kg/infusion) on an FR5 schedule for 5 days and subsequently given a 14-day extinction period, during which time the active lever signaled an infusion of 100 μl saline rather than nicotine, with all other parameters remaining identical to the training sessions. Self-administration behavior was considered extinct when the animals responded with fewer than 15 presses on the active lever.
Nicotine-induced reinstatement The day after this extinction period, the reinstatement of nicotine self-administration was examined as previously described (Le et al. 2006; Shaham et al. 1997) . Briefly, the rats were first injected with three consecutive daily doses of saline 30 min prior to their selfadministration sessions in order to habituate them to the injection procedures and mitigate any stressful reactions to the injection itself. Immediately after habituation, each rat received a priming dose of nicotine (0.15 mg/kg s.c.), and 30 min later they were placed in the chambers for measurements of active lever presses within 1 h. Immediately after all the data were collected, catheter patency was confirmed by infusing 0.3 ml methohexital sodium (16.67 mg/ml, IV; Sigma, St Louis, MO, USA), which produces brief anesthetic effects only when administered IV. The data from one of the rats was excluded due to loss of catheter patency and from another two animals due to illness during reinstatement testing.
Experiment 2. Acetylcholinesterase activity
In this experiment, the offspring from HFD and chow consuming dams (n=8/group) were identified as above and sacrificed by rapid decapitation at P60, the same time that behavioral training began. Brain regions of interest were dissected and analyzed for AChE activity, as described below, and trunk blood was collected for measures of circulating levels of free fatty acids (FFA), which are known to be elevated by a HFD and to affect the brain cholinergic system (Ahren et al. 1997; Buettner et al. 2000; Nishizaki et al. 1997 Nishizaki et al. , 1999 Vajreswari et al. 2002) .
Experiment 3: Nicotinic receptor binding
Experiment 3 was designed to examine the effects of perinatal dietary fat exposure on nAChR binding in specific brain nuclei important for consummatory behavior and drug reward. In an additional set of animals (n=8/group) exposed to chow or HFD during gestation and lactation, quantitative autoradiography was used to measure the binding of [ ]-BTX) to α7-nAChRs. Offspring were raised in an identical manner as described above and sacrificed at age P60 to correspond with the time of the behavioral measures and measurements of AChE activity. Shortly after dark onset, animals were sacrificed using rapid decapitation and their brains were removed, dipped into cold isopentane (−25°C) for 30 s, and then stored at −80°C until further use. Additionally, trunk blood was collected for measurements of circulating FFA.
Jugular catheterization surgery
Using aseptic technique, the rats were anesthetized with a combination of ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), supplemented with ketamine when necessary and prepared surgically with SILASTIC catheters in the right jugular vein as previously published (Corrigall and Coen 1989) . The catheter exited in the intrascapular region and was connected to a 22-gauge cannula attached to a mesh piece, which was implanted subcutaneously in order to hold the catheter in place. Immediately after surgery, the animals were given 0.03 mg/kg of the pain medication bupenepherine (s.c.) and 5 mg/kg of the antibiotic baytril (IV) and then allowed 7-10 days to recover. The rats were flushed daily with 0.9 % saline containing heparin (50 units), baytril antibiotic (2.27 mg/kg), and locked with a solution of 50 % dextrose containing heparin (200 units).
Drug
(−)Nicotine tartrate (Sigma) was dissolved in isotonic saline and the pH was adjusted to 7.0 with dilute NaOH. The unit doses for the intravenous nicotine self-administration (100 μl over 4 s) were 0.015, 0.03, and 0.06 mg/kg/infusion (all doses are expressed as free base).
Acetylcholinesterase activity
Animals were sacrificed using rapid decapitation, and their brains were quickly dissected on ice to remove the entire prefrontal frontal cortex (PFC), striatum (STR), hypothalamus (HYPO), midbrain (MB), and cerebellum (CB) for determinations of AChE activity. Tissue from these brain regions was then individually homogenized at 4°C in filtered 50 mM TrisHCl buffer, pH 7.4 (1:10 w/v) and centrifuged at 1,000×g for 10 min to remove nuclei and debris. The protein content of each sample's supernatant was determined using the Bradford assay (Bradford 1976) . AChE activity was then measured using acetylthiocholine iodide and 5,5′-dithiobis-2-nitrobenzoic acid according to the methods of Ellman et al. (1961) . Enzyme activity of AChE is expressed as micromole per minute per milligram protein at 25°C.
Quantitative autoradiography
Brains were sectioned (16 μm) at −20°C on a cryostat microtome, thaw mounted on gelatin-coated microscope slides, and desiccated overnight at 4°C using an air vacuum. Multiple sets of adjacent sections were collected for measurements of β2-and α7-nAChRs on sections that had consistent anatomical representation. Brain sections were collected from Bregma 3.2 to 2.7 mm for the medial PFC; Bregma 1.6 to 2.0 for the NAc shell and core; Bregma −1.8 to −1.88 mm for the PVN and the paraventricular nucleus of the thalamus (PVT), Bregma −2.8 to −3.14 mm for the LH, ventromedial hypothalamus (VMH), zona incerta (ZI), and CeA; and from Bregma −5.6 to −5.8 mm for the VTA and SN pars compacta (SNc; Paxinos and Watson 1997) . All sections, clearly depicting the region of interest, were chosen at the same level for each animal within each group. For each animal, three adjacent brain sections were used for the binding assay and averaged for statistical analysis.
The binding of [ 125 I]-epibatidine to β2-nAChRs was measured using a slightly modified method from Tizabi and colleagues (Tizabi and Perry 2000) . Briefly, brain sections were pre-incubated at room temperature for 15 min in a 50 mM TrisHCl buffer containing (pH 7.4) 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , and were then incubated for 60 min at room temperature in the same buffer solution containing 0.165 nM [ 125 I]-epibatidine (2200 Ci/mmol, PerkinElmer, Boston, MA, USA). Nonspecific binding was determined in adjacent sections with the addition of 300 mM nicotine hydrogen tartrate to the incubation buffer. All sections were then rinsed twice (5 min each) in ice-cold buffer, dipped briefly into ice-cold distilled water, and air-dried at room temperature.
The binding of [ 125 I]-BTX to α7-nAChR sites was measured as previously described (Sparks and Pauly 1999 ) with slight modification. Briefly, slides containing the brain regions of interest were pre-incubated at room temperature for 15 min in a 50 mM TrisHCl (pH 7.4) buffer containing 0.1 % BSA and were then transferred to the incubation solution which contained the same buffer solution in addition to 2 nM [ 125 I]-BTX (120 Ci/mmol, Perkin-Elmer). In order to determine nonspecific binding, adjacent sections were incubated in this same incubation buffer, but with 300 μM nicotine hydrogen tartrate (Sigma) added. Sections were allowed to incubate in these two solutions for 2 h at room temperature and then quickly dipped in ice-cold Tris buffer, rinsed three times (10 min each) in ice-cold buffer, dipped in distilled water, and finally air-dried at room temperature.
For both binding assays, the air-dried sections were exposed to Kodak BioMax MR (Sigma) film along with [ 125 I] standards (American Radiolabeled Chemicals, St. Louis, MO, USA) for 4 h (β2-nAChR) or 5 days (α7-nAChR). After appropriate exposure times, the films were developed using an automatic developer and images scanned and saved for further analysis. Quantitative densitometric analysis of binding was performed using NIH software, Image J v1.43 for Windows. In order to determine specific binding, nonspecific binding, which represented less than 5 % of the total binding, was subtracted from total binding in adjacent sections. The values of binding were determined using a standard curve constructed from [ 125 I] standards with a known amount of activity and expressed as (in femtomole per milligram brain protein).
Fatty acid determinations
For measurements of non-esterified fatty acids, trunk blood collected during the time of sacrifice with an E-Max Microplate Reader using a colorimetric assay kit from WAKO Pure Chemical Industries, Ltd (Osaka, Japan).
Statistical analyses
The values in the figures are expressed as mean±SEM. Statistical analyses to compare the effects of perinatal dietary fat to chow on average caloric intake, body weight, and serum FFA levels were performed using unpaired Student's t tests, with significant differences accepted at p<0.05. Behavioral and neurochemical data were analyzed using appropriate repeated measures ANOVAs (RM ANOVAs), with day, FR ratio, nicotine dose, or brain region as the within subject factor and perinatal treatment (chow or HFD) as the between-subject factor. During progressive ratio testing, measures of the number of rewards earned were analyzed separately using unpaired Student's t tests (p<0.05), while the differences in breakpoint (last ratio completed) were analyzed using the nonparametric median and Mann-Whitney U test to avoid violating the assumption of homogeneity of variance (Richardson and Roberts 1996) . For all analyses where significant main effects or interactions were obtained, follow-up pairwise comparisons were made between groups of interest using unpaired twotailed t tests, with p<0.05 considered statistically significant. Since we knew a priori that the number of brain regions analyzed in the autoradiography experiments or the number of days during FR training could be a confounding factor in our analyses, follow-up statistical tests to determine significant group differences in specific regions or on specific days were also performed in certain cases where the interaction effect was only a trend. The probability values given in the text or legends to the figures and tables reflect the results of these tests. For the behavioral experiments, data from two to three rats per group (out of 12) needed to be excluded when there was a loss of catheter patency or the rat was unable to acquire self-administration behavior.
Results
Litter parameter
Analysis of the litter parameters produced by the HFD-fed compared to chow-fed dams is shown in Table 1 . There were no significant group differences in the litter size or proportion of male pups born. While body weights were similar at birth for the HFD and chow offspring, there was a small but significant increase in body weight at weaning (P22) in the HFD pups compared to chow rats [t(14)=2.65, p<0.05]. With the HFD rats switched to a chow diet after weaning, their body weight was normalized by P60. Chow intake was also similar between the HFD and chow groups at P40. Measurements of circulating fatty acid levels at P60 revealed a significant increase (+60 %) in the HFD offspring in levels of these lipids compared to the chow offspring [t(14)=4.56, p<0.05].
Experiment 1: The effects of perinatal HFD exposure on nicotine self-administration
Experiment 1a (acquisition)
This experiment tested whether the offspring from dams fed a HFD exhibited changes in nicotine self-administration behavior during the acquisition phase as revealed by measurements of their lever pressing behavior over the initial FR training. Figure 1 shows the mean (±SEM) of nicotine infusions (Fig. 1a) and total active and inactive lever presses (Fig. 1b) during the first 23 days of self-administration training under FR1, FR2, FR3, and FR5 reinforcement schedules, using a nicotine dose of 0.015 mg/kg/infusion. Overall, nicotine self-administration was substantially increased in the rats exposed perinatally to a HFD as compared to a control chow diet. Under the FR1 schedule of reinforcement, a significant treatment effect was observed with the measures of total number of infusions [F(1,14)=8.09, p<0.05] and active lever presses [F(1,14)=5.32, p<0.05]. While there were no significant interactions between the multiple training days and perinatal treatments, individual group comparisons of HFD to chow offspring revealed an increase in the total number of infusions and active lever presses on days 2, 3, 4, and 5 (p<0.05). Although these measures showed little group difference when the rats transitioned to the FR2 and FR3 schedules, the FR5 schedule of reinforcement revealed a significant main effect of perinatal treatment, in both the number of infusions [F(1,14)=5.19, p<0.05] and the active lever presses [F(1,14)=9.13, p<0.05]. There were no interactions between perinatal treatment and training day but individual group comparisons of HFD to chow offspring revealed a significant increase in the total number of infusions and active lever presses on days 19, 20, and 22 (p<0.05). In Fig. 1b , active lever presses generally exceeded inactive lever presses during FR1 (F(1,14) =4.53, p<0.05), FR2 (F(1,14)=9.57, p<0.05), and FR3 (F(1,14) =9.45, p<0.05) and FR5 (F(1,14) =10.14, p<0.05) training, while there were no statistically significant differences between perinatal HFD and perinatal chow rats in terms of their responding on the inactive lever. These results during the acquisition period demonstrate that the HFD offspring on the FR schedules readily acquired the operant task and responded as well as self-administered more nicotine than the standard chow offspring.
Experiment 1b (dose-response)
To evaluate their response to and intake of increasing doses of nicotine infusions, this experiment compared the dose-response curves for the HFD compared to chow diet offspring. With measures of the mean (±SEM) number of infusions earned (Fig. 2a) and nicotine intake (Fig. 2b) during the dose-response determination, the perinatal HFD offspring earned an overall greater number of infusions [F(1, 14)=4.64, p<0.05] and self-administered a greater amount of nicotine [F(1,14)=5.21, p<0.05] as compared to the chow offspring. Whereas no interactions were identified with the number of infusions, a significant interaction was obtained with nicotine intake as a function of dose [F(2,22)=5.43, p<0.05] with the increase in dose of nicotine accompanied by a significant increase in average nicotine intake (p<0.05). Follow-up comparisons demonstrated that the perinatal HFD rats compared to chow offspring self-administered more nicotine (in milligram per kilogram, i.v.; p<0.05) at the lower two doses (0.015 and 0.03 mg/kg, i.v.) but showed no effect at the highest dose (0.06 mg/kg, i.v.). These effects demonstrate an overall increase in responding for nicotine in rats exposed perinatally to a HFD as compared to a chow diet.
Experiment 1c (progressive ratio responding)
The progressive ratio responding was additionally measured in the perinatal HFD compared to chow offspring to determine if they exhibited differences in the reinforcing properties of nicotine. As depicted in Fig. 3 , the progressive ratio analysis revealed significant group differences with the perinatal HFD rats earning significantly more rewards compared to the perinatal chow animals [t(14)=2.45, p<0.05]. Further analysis of the breakpoints indicated that the rats exposed to HFD show an increase in the median final ratio completed compared to those exposed to a chow diet (U(14)=9, p<0.05). These effects, involving an increase in number of rewards earned and greater breakpoints, suggest that the offspring perinatally exposed to a HFD are more motivated to attain nicotine and thus may attribute greater value and reward to this abused drug.
Experiment 1d (extinction/reinstatement)
Through measurements of extinction and reinstatement of nicotine self-administration, this experiment was designed to determine whether the perinatal HFD exposure altered the relapse potential of this drug. With Fig. 4a representing the mean (±SEM) number of active lever responses during 14 sessions of extinction training, statistical analyses showed that the HFD and chow rats exhibited a similar pattern of nicotine extinction, with no differences observed in the overall number of active lever presses in the absence of nicotine solution or the interaction of active lever presses by extinction day. The reinstatement data, however, showed that a nicotine prime dose (0.15 mg/kg s.c.) was able to reinstate drug-seeking behavior in both the chow and HFD offspring, as measured by a significant increase in the number of active lever presses [F(1,14)=4.53, p<0.05] in response to nicotine compared to saline pretreatment Fig. 4b . Pairwise comparisons further revealed that the HFD rats showed significantly reduced nicotine prime-induced reinstatement of drugseeking behavior compared to the chow offspring (p<0.05). These data demonstrate a clear influence of dietary fat in the reinstatement of nicotine-seeking behavior.
Experiment 2: Changes in brain AChE activity induced by perinatal high-fat diet consumption
The question addressed in this experiment is whether the HFD compared to chow offspring, which exhibit the changes in nicotine self-administration, also show differences in their cholinergic neurotransmission, as indicated by changes in the activity in different brain areas of AChE, an enzyme responsible for the breakdown of ACh. These measurements of AChE activity revealed significant group differences [F(4,40)=4.56, p<0.05], with the HFD compared to chow offspring showing markedly reduced activity in the MB, HYP, and STR regions (Fig. 5 ). This change was somewhat larger in the STR (−46 %, p<0.05) and HYP (−30 %, p<0.05) then the MB (−23 %, p<0.05), with no effect apparent in the PFC and CB. With reduced AChE activity normally associated with increased ACh content in the synaptic cleft (Hartmann et al. 2007 ), these results suggest that ACh levels in the offspring exposed to dietary fat during development may be significantly enhanced in these three brain areas. with follow-up analyses of binding in specific brain regions of the HFD compared to chow offspring reflecting a significant increase in α7-nAChR sites in two areas of the hypothalamus, specifically the LH (19 %, p<0.05) and VMH (24 %, p<0.05), with no group differences detected in the PVN or ZI, as well as the mPFC and CeA (Table 2 ). These stimulatory effects of perinatal HFD exposure, specifically on β2-nAChR binding in the VTA and SNc and α7-nAChR binding in the LH and VMH, are illustrated in the autoradiographs of Fig. 6 . They indicate that maternal consumption of a HFD can stimulate nAChR binding in the offspring and that the effects observed are both receptor specific and site specific.
Discussion
The present study shows that maternal fat consumption during gestation and lactation can produce significant changes in nicotine self-administration and that these behavioral changes are accompanied by disturbances in nicotinic cholinergic neurotransmission in the brain. When the offspring were examined as adults, those perinatally exposed to dietary fat showed an increase in nicotine-self administration behavior during FR training, in responding and intake during dose-response testing, and in breakpoint using progressive ratio testing. During reinstatement training, however, they exhibited reduced nicotine prime-induced drug-seeking behavior. These behavioral changes in the offspring were accompanied by an increase in cholinergic activity in specific brain areas as indicated by reduced activity of AChE (which breaks down ACh) in the midbrain, hypothalamus, and Mean±SEM AChE activities in homogenized frontal cortex, striatum, hypothalamus, midbrain, and cerebellum of rats exposed to a HFD or chow diet. *Significant differences between HFD and chow diet animals (p<0.05). HFD high-fat diet, AChE acetylcholinesterase, PFC prefrontal cortex, STR striatum, HYPO hypothalamus, MB midbrain, CB cerebellum striatum and increased density of specific nAChRs in areas of the midbrain and hypothalamus, suggesting an increase in cholinergic neurotransmission in these brain areas important for reinforcement and consummatory behavior.
Increased nicotine self-administration in offspring exposed to perinatal high-fat diet
The increase in nicotine self-administration behavior in the HFD-exposed offspring is indicated by a variety of measures. The HFD compared to chow offspring exhibited a general increase in nicotine responding during the training period and dose-response testing and an increase in breakpoint values, indicating that they are more motivated by the rewarding properties of nicotine. While this is the first study to investigate the effect of perinatal HFD on nicotine self-administration and reward, there are other reports relating prenatal and perinatal palatable diet exposure to other drugs of abuse as well as palatable foods. For example, early exposure to fat-and sugar-rich diets is found to increase HFD high-fat diet, VTA ventral tegmental area, SNc substantia nigra pars compacta, LH lateral hypothalamus, and VMH ventromedial hypothalamus alcohol consumption in the offspring and enhance their sensitivity to the locomotor-stimulating effects of amphetamine (Bocarsly et al. 2012; Cabanes et al. 2000) . These dietary manipulations also enhance consumption of and preference for dietary fat (Chang et al. 2008; Ong and Muhlhausler 2011) and operant responding for fat-enriched rewards (Naef et al. 2011) , suggesting an increase in the rewarding properties of these diets similar to drugs of abuse. A behavioral explanation for these results may be found in the ability of prenatal fat exposure to promote behaviors, such as anxiety and locomotor activity (Bilbo and Tsang 2010; Raygada et al. 1998; Sullivan and Grove 2010) , which themselves are known to stimulate responding for drugs of abuse (Kabbaj 2006; Piazza et al. 1989 ). Similar to prenatal exposure to fat, adult consumption of a fat-rich diet can stimulate both cocaine-seeking and sucrose consumption, as well as locomotor activity and novelty-seeking behavior (Boukouvalas et al. 2008; Morganstern et al. 2012; Orosco et al. 2002; Puhl et al. 2011; Soulis et al. 2007 ). Our finding that circulating FFA are markedly elevated in the HFDexposed offspring, consistent with other reports (Buettner et al. 2000; Chang et al. 2008) , suggests a possible physiological mechanism that may be involved in the effects of dietary fat consumption on nicotine reward. These lipid metabolites have recently been shown to directly mediate nicotine reward in vivo (Panlilio et al. 2012) and to stimulate cholinergic activity in vitro (Tel et al. 2010; Vajreswari et al. 2002) . Collectively, these studies support the idea that early exposure to dietary fat, in association with higher circulating FFA levels, is effective in increasing responding and motivation for the drug, nicotine. While it is possible that reinforcement in the present paradigm is related to the contingent cue and chamber lights used in addition to nicotine, as suggested earlier (Caggiula et al. 2002) , the pharmacological evidence showing that attenuation of cholinergic nicotinic signaling can reduce nicotine self-administration in this paradigm suggests that the primary reinforcing effects are related more to the nicotine itself.
Increased cholinergic neurotransmission and nicotinic receptor binding due to perinatal high-fat diet exposure
The results obtained with measurements of the activity of AChE and density of nAChRs in brain areas important for reward and drug consumption demonstrate that the increase in nicotine responding is accompanied by disturbances in cholinergic function. Our findings in the HFD offspring point to a reduction in AChE, the metabolizing enzyme of ACh, and an increase in density of α-and β-nAChR sites in hypothalamic and extrahypothalamic areas, all of which suggest a stimulation of the cholinergic system in these animals. The possibility that ACh levels in the HFD animals are increased together with this decrease in enzymatic activity is supported by studies showing elevated levels of extracellular ACh in mutant mice lacking the AChE gene and also in mice injected with an AChE antagonist (Hartmann et al. 2007 ). This change in AChE activity in the perinatal HFD-exposed offspring is consistent with published evidence showing the activity of this enzyme to be reduced in the midbrain, hypothalamus, and cortex of adult animals consuming a fat-rich diet (Kaizer et al. 2004; Morganstern et al. 2012 ) and also in vitro by FFA which are elevated in the HFD offspring (Nishizaki et al. 1997 (Nishizaki et al. , 1999 Vajreswari et al. 2002) . Our finding of increased nAChR density in corresponding brain regions, both within and outside the hypothalamus, may be a direct consequence of such heightened cholinergic tone. This upregulation of nAChRs with increased cholinergic tone has been demonstrated previously in adult rats with chronic nicotine exposure (Flores et al. 1997; Mugnaini et al. 2002; Parker et al. 2004; Rasmussen and Perry 2006; Schwartz and Kellar 1983) or high-fat diet consumption (Morganstern et al. 2012) and also in offspring exposed prenatally to nicotine (Shacka and Robinson 1998; van de Kamp and Collins 1994) . Although there are no prior studies of cholinergic neurotransmission in animals perinatally exposed to dietary fat, there are other investigations showing maternal consumption of junk food or a fat-rich diet to alter the development of the brain reward system in the offspring, producing an overall increase in dopaminergic tone in mesolimbic brain regions (Naef et al. 2008 (Naef et al. , 2011 Ong and Muhlhausler 2011) . Together, the present study and these published reports provide clear evidence for significant HFD-induced changes in baseline nicotinic cholinergic signaling, alterations that may contribute to the enhanced drug responding. In future studies that conduct the behavioral tests and neurochemical measures in the same animals, it will be important to determine whether the nicotine exposure itself, perhaps compounded by the dietinduced differences in cholinergic function, may have contributed to the increase in nACh activity, as suggested by reports of nicotine's stimulatory effects on signaling in other systems important for drug use Kenny et al. 2009; Moretti et al. 2010 ).
Role of mesostriatal cholinergic neurotransmission and β2 nAChRs in nicotine reward
The evidence obtained in this study reveals a close relationship between the increased cholinergic activity in mesostriatal regions of the HFD offspring and their enhanced nicotine selfadministration behavior. Together with the decrease in AChE activity observed in the striatum and midbrain, an increase in β2-nAChRs was detected specifically in the VTA and SNc, areas where these receptors are located on dopaminergic neurons that project, respectively, to the ventral and dorsal areas of the striatum and have an important role in the behavioral effects of reinforcing drugs (Livingstone and Wonnacott 2009; Pons et al. 2008) . Studies have demonstrated that activation of specific β2-nAChRs in the VTA is critical for nicotine as well as ethanol self-administration behavior, with local blockade of this receptor subtype found to significantly reduce the number of nicotine infusions in nicotine self-administration maintenance , the self-administration of ethanol (Kuzmin et al. 2009) , and the ethanol-associated conditioned reinforcement (Lof et al. 2007) . Also, lesions of the VTA and SN are found to increase drug-taking behavior, due perhaps to a reduction in intrinsic nicotine reward (Alderson et al. 2006) , and nicotine administered directly into the VTA or SN stimulates the release and turnover of DA in the striatum (Di Matteo et al. 2010; Keath et al. 2007; Teo et al. 2004; Xiao et al. 2009 ), supporting an additional role for direct Ach-DA interactions in drug-taking behavior. In light of these reports, our findings in the present study, showing reduced ACh break down in the striatum and midbrain together with increased binding of β2-nAChRs in the VTA and SNc regions, suggest the involvement of this increased cholinergic tone in these mesostriatal circuits in mediating the enhanced nicotine self-administration behavior observed in the perinatal HFD exposed offspring.
Role of hypothalamic cholinergic neurotransmission and α7 nAChRs in nicotine consumption
With evidence supporting a role for the hypothalamus in mediating homeostatic processes such as feeding and nonhomeostatic processes such as excessive palatable food consumption and drug use (Barson et al. 2011; Suzuki et al. 2012) , our findings indicate the additional involvement of this structure and its cholinergic activity in mediating the increased nicotine-taking behavior in perinatal HFD-exposed rats. In the hypothalamus, the HFD offspring exhibited a reduction in the breakdown of ACh, along with a stimulation of α7-nAChR density specifically in the LH and VMH. In these areas where α7-nAChRs are the predominant subtype (Marks et al. 1996) , ACh is believed to have a role in mediating both appetite and arousal, which are important components of nicotine intake (Pasumarthi and Fadel 2010; Picciotto and Kenny 2012; Saper et al. 2001) . Although studies have long associated nicotine with a reduction in feeding behavior Ramos et al. 2004; Yang et al. 1999) , there is a variety of evidence indicating that nicotinic signaling may have a variety of effects on the intake of reinforcing drugs and associated behaviors. For example, direct administration of nicotine in the LH enhances arousal by activating local OX neurons, an effect that may be important for the stimulatory actions of commonly abused drugs on central nervous system arousal, and the inhibition of major cholinergic inputs to the LH reduces arousal and OX neuronal activation (Bayer et al. 2004; Pasumarthi and Fadel 2010) . Enhanced nicotinic activity in the LH region may also be directly related to drug reward, since orexin neurons that are stimulated by local or systemic nicotine (Kane et al. 2000; Pasumarthi and Fadel 2010) are found to be activated during the important period of drug seeking (Harris et al. 2005) . Although there is little evidence directly supporting the role for ACh in the VMH in drug-taking behavior, the cholinergic system in this area is shown to be important in controlling appetite and arousal, specifically during periods of food anticipation (Ribeiro et al. 2007 (Ribeiro et al. , 2009 ), suggesting its involvement in mediating the arousal component of drug-taking behavior. In contrast to the LH and VMH, the perinatal HFD offspring exhibited no change in α7-nAChR binding in the PVN or CeA, where ACh has been associated with the activation of stress responses (Ohmori et al. 1995; Zarrindast et al. 2008; Zhang and Zheng 1997) , or in the mPFC, where a7-nAChRs are relatively sparse (Pauly et al. 1991) . The sitespecificity of this change supports the idea that the increase in nicotine self-administration in HFD offspring is related more specifically to the heightened consummatory behavior triggered by the increased arousal and reward induced by nicotinic cholinergic signaling within the LH and VMH regions.
Lack of perinatal HFD effects on nAChR binding in select brain regions
In contrast to the areas showing significant changes in nicotinic cholinergic signaling, our results identified certain regions as being insensitive to perinatal HFD, including the mPFC, PVT, and several hypothalamic nuclei. There are several possible explanations for this, related perhaps to differences in cellular recycling mechanisms, baseline receptor levels, or receptor plasticity after discontinuation of the HFD. Consistent with our results in HFD offspring showing no change in the PVT, there are reports showing nicotine treatment to have no effects on nAChR binding in this nucleus while increasing these receptors in the hypothalamus, specifically the VMH, and the midbrain, specifically the SN region (Kellar et al. 1989; Pauly et al. 1991) . The cellular mechanisms responsible for such receptor upregulation may involve an enhanced rate of synthesis or decrease in degradation of nAChRs, with the unaffected regions showing a more rapid endocytotic turnover of these receptors. It is also likely that the reduced susceptibility of specific brain areas to receptor changes may be related to their lower baseline levels of the nAChRs (Pauly et al. 1991) , although our results show changes in nAChR binding specifically in regions that exhibit midrange values of baseline binding. Another possible explanation for these region-specific effects of dietary fat on nAChR binding may be due to changes in nAChR plasticity, with evidence suggesting that nAChR binding returns to normal levels 1 week after agonist treatment discontinuation in brain areas such as the cortex, striatum, and thalamus, regions not affected in our present study by dietary fat (Miao et al. 1998) . Overall, our results indicate that while β2-nAChRs specifically in the VTA and SN and α7-nAChRs specifically in the VMH and LH are particularly sensitive to the stimulatory effects of in utero dietary fat exposure, there are other regions such as the thalamus, mPFC, and specific hypothalamic nuclei that are resistant to such change.
Reinstatement of nicotine-seeking behavior in perinatal high-fat diet offspring
While we find the HFD and chow offspring to reinstate nicotinetaking behavior in response to a prime nicotine dose, it was unexpected to observe a small reduction in nicotine seeking with this priming in the HFD offspring. Whereas the explanation for this requires further investigation, it is possible that the persistent elevated nicotine intake in HFD offspring may have desensitized their nAChRs, leading to the reduced responding during reinstatement testing. Published studies demonstrate that prolonged exposure to nicotine, while generally upregulating the density of nAChRs, can either alter the ratio of α-and β-specific subtypes or lead to an increased number of receptors in the desensitized state within mesostriatal brain areas, thereby changing the functionality of this system Picciotto et al. 2008; Rezvani et al. 2007 ). Such changes in nAChR function in the HFD offspring may cause them to require a greater priming dose for eliciting optimal responding during reinstatement training, similar to doses that have been used in other studies using this paradigm (Feltenstein et al. 2012; Shaham et al. 1997) . Another possible explanation for the reduced responding may be related to the neurotransmitter, DA, which is a critical component of the reinstatement process. Published evidence suggests that perinatal HFD feeding can lead to epigenetic changes in the DA uptake and alter DA signaling postnatally while reducing behavioral sensitization to psychostimulants (Naef et al. 2008 (Naef et al. , 2011 Vucetic et al. 2010) , neurochemical changes that may contribute to reduced reinstatement.
Role of nAChRs in increased vulnerability to nicotine addiction
Greater nAChR signaling can increase the vulnerability of animals to consume excessive amounts of nicotine. Numerous studies have attributed the reinforcing properties of nicotine to the activation of β2-nAChRs in mesostriatal regions such as the VTA and subsequent release of DA in the striatum Pons et al. 2008 ). An important role for β2-nAChRs in nicotine reward has been suggested by studies in β2-nAChR knockout mice, which are resistant to the reinforcing properties of nicotine (Besson et al. 2006; Mameli-Engvall et al. 2006; Maskos et al. 2005; Picciotto et al. 1998; Zhou et al. 2001) . While studies in α7 nAChR knockout mice have raised some questions regarding the precise role and target regions involved in α7 nAChRmediated nicotine reinforcement (Pons et al. 2008; Walters et al. 2006) , pharmacological evidence supports the function of these receptors in nicotine reward, with systemic injection of a specific and potent α7 nAChR antagonist, MLA, significantly reducing nicotine self-administration behavior in rats (Markou and Paterson 2001) . Consistent with evidence indicating that an upregulation of nAChRs in response to increased cholinergic tone may lead to excessive nicotine use and potential abuse (Slotkin 2002 ), our findings demonstrate that maternal consumption of dietary fat can produce a subpopulation of offspring with increased motivation to use drugs such as nicotine.
Conclusion
It is concluded that maternal consumption of a diet rich in fat enhances nicotine abuse potential in the offspring by specifically increasing responding and motivation for this drug. These behavioral effects may be attributed to a HFD-induced stimulation of nicotinic cholinergic signaling in select midbrain and hypothalamic regions associated with nicotine reward and consumption. Thus, the current model of perinatal HFD exposure appears well suited for examining the impact of maternal fat consumption specifically on heightened drug reinforcement, not only with nicotine but perhaps with other commonly abused substances such as cocaine. With the current worldwide trends in the availability and consumption of palatable fat-rich foods, it will be important to identify therapeutic strategies that are effective in preventing such fat-induced disturbances in the programming of nicotinic cholinergic circuits.
